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ABSTRACT

DETERMINING BEST PRACTICES FOR FRESHWATER MUSSEL RELOCATION
USING BURROWING AND BEHAVIOR
Lindsey Marie Griffin
Thesis Chair: Lance R. Williams, Ph.D.
The University of Texas at Tyler
November 2014
Of the 302 freshwater mussel species in North America, 70% are listed as
imperiled or threatened. Because of limited information on these species, a dilemma
exists among conservational biologists on how best to relocate these animals. Relocations
are used to remove mussels from areas that are no longer suitable because of habitat
impairment, or to establish new populations in a reintroduction project. Habitat
impairment can include chemical pollution, construction zone damages, high
sedimentation, low flow conditions, low dissolved oxygen, dewatering, and high-density
invasive species. The increase in habitat impairments and reduction in mussel fauna has
increased interest in relocations in regard to the Endangered Species Act of 1973. The
most common time to conduct mussel relocations is July to September, when it is
speculated that the least amount of reproductive stress will occur and the metabolic rate is
high enough for reburying. Because summer is the most common time to relocate
threatened or endangered freshwater mussels, the effects of extreme temperature
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differences (27°C to over 49°C) on burrowing behaviors, a crucial component of their
sedentary lifestyle, merits examination. Relocated mussels that are not re-anchored or
buried could be vulnerable to predation, temperature extremes, or flood events, negating
the desired effect of relocation. Relocations have also been performed in winter (thought
to be a dormant season) and research on burrowing behavior in extreme cold as well as
heat is relevant to their conservation. Studies have indicated shell morphology and
sculpturing may decrease vulnerability to flood events at the expense of burrowing ability.
I investigated burrowing behaviors of different mussel species with varying shell
morphologies (e.g., smooth or rough) and extreme high and low temperatures (summer
and winter). I tested relocation potential in summer versus winter, with the results that
species are more likely to reburrow in the summer than in the winter, but species have
more rapid and wider ranging movement in winter.
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CHAPTER ONE: FRESHWATER MUSSEL ECOLOGY, CONSERVATION, AND BEHAVIOR AND
MOVEMENT

INTRODUCTION
Freshwater mussels in North America are a part of the diverse and speciose
Unionidae family, which contains approximately 707 species found in North and Central
America, Europe, Asia, and Africa (Strayer, 2004; Vaughn, 2010). There are nearly three
hundred distinct species of unionids found in North America (Strayer, 2004). Unionids
were once abundant across much of North America, but overharvesting in the 19th and
20th century for food and button, jewelry, and pearl production from their shells has led to
dramatic reductions in their numbers. Out of the approximately 300 species in North
America, 37 are categorized as extinct and 73 are critically imperiled (Strayer, 2008).
Unionid mussel populations are also declining because of their unique and multi-stage
life-history strategy, which requires larval mussels to attach to obligate host fish species
in order to transform to a juvenile state. Some freshwater mussel species are endemic to a
small region, which increases their vulnerability to environmental changes. Because
freshwater mussels are filter-feeding animals, they are especially sensitive to water
quality and that has drastically decreased their chances of survival. These factors make
unionids one of the most imperiled groups of animals in North America (Archambault et
al., 2013; Downing et al., 2010; Golladay et al., 2004).
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ECOLOGY OF FRESHWATER MUSSELS

Freshwater mussels are aquatic invertebrates that secrete two matching shells, or
two valves (Figure 1.1), that surround their soft tissues (Figure 1.2). Freshwater mussels
inhabit both lotic and lentic water bodies and live in the substrate or the substrate-water
horizon. They are filter feeders, meaning that they intake nutrients, phytoplankton,
zooplankton, and minerals from the water that passes through their internal tissues. Then
they deposit some of their excrement into the water column and the rest is deposited into
the substrate. Deposition of waste and nutrients into the sediment plays a vital role for
aquatic ecosystems. The nitrogenous waste deposited into the sediment and the area
surrounding mussels facilitates benthic algal growth, which is an important subsidy in
nutrient-limited headwater streams (Spooner and Vaughn, 2008). Mussels also reduce the
turbidity of the water, allowing more sunlight to penetrate the water (Vaughn and
Hakenkamp, 2001). They are also a significant food source for several aquatic and
riparian species such as river otters, raccoons, turtles, some waterfowl, and certain
species of fish. The shells of mussels provide habitat for some species of fish, smaller
adult mussels of different species, and refugia for juvenile mussels. Freshwater mussels
have several effects on nutrients and nutrient cycling, sediment physical attributes, and
refuge availability that make them valuable to aquatic ecosystems (Spooner and Vaughn,
2006; Gutierrez, 2012).
Unionid mussels have a complex and intricate life cycle that relies on many
extrinsic factors. Male mussels release sperm into the water that is taken in by females to
fertilize the eggs that develop on her gills. Eggs develop into larval glochidia that are then

2

released into the water column or in some species, masses of glochidia are formed into
lures or fish mimics to entice specific fish species to attack the adult female mussel or the
conglutinate lure to infest the host fish gills or fins. The glochidia must attach to the
correct host fish to parasitize on, or the glochidia cannot transform into the juvenile stage
(Watters and O’Dee, 1998; Haag and Warren, 2003). Once a juvenile, the mussel will
drop off the host fish, sometimes several kilometers from the parent mussel. After
dropping off the host fish, juveniles will bury down into the substrate where they will
develop into adults in one to two years. However, there is a very low success rate for
glochidia developing into adults (Jones et al., 2005; Jansen, Bauer, and Zahner-Meike,
2001). Although some species may take up to 12 years to become reproductively active,
mussels will reach adulthood and begin spawning and releasing new glochidia. Unionid
mussels’ multifaceted life strategy illustrates their vulnerability to environmental changes.

CONSERVATION OF FRESHWATER MUSSELS

Early naturalists are considered the beginning of conservation efforts. The act of
preserving natural resources and ecosystems began in the 19th century with Yellowstone
as the first national park. Since then, conservation efforts have increased as we began to
understand more about delicate ecosystem interactions. It is difficult to place a specific
economic value on ecosystem structure, services, and the animals that inhabit them,
however, it is easy to find examples of catastrophic failures in history when ecosystems
do collapse (Wilson and Carpenter, 1999). While many argue that there are natural
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courses of extinction, biota turnover, and ecosystem shifts, the rate of extinction in
modern times does not match other geologic periods of extinction (Wilson, 2010).
Approximately 72% of freshwater mussel species in North America have been listed as
threatened, endangered, or extinct and it is predicted that 1 in 10 mussel species will
become extinct during this century (Peck, 2007, National Strategy, 1997; Williams et al.,
1993). Because of their previously mentioned ecosystem services and their “canary in the
mine” ability as an indicator species, freshwater mussels are in dire need of protection.
Relocation has been used as a conservation strategy for freshwater mussels for the past
thirty years as a way to protect mussel populations from point source pollution, siltation
from construction, and fluctuating flow from reservoirs (Peck, 2007; Reutter, Patrick, and
Charters, Jr, 2001; National Strategy, 1998; Downing, Van Meter, and Woolnough, 2010;
Galbraith, Spooner, and Vaughn, 2010; Trombulak and Frissell, 2000). Under ideal
circumstances, we have seen an increase in survivorship of mussels upwards of 50 to
90% using modern relocation methods (Peck, 2007). However, what affects the
likelihood of a species surviving a relocation event or reintroduction is largely unknown.
There are many factors that need considering before a relocation is to occur.
Freshwater mussels are filter feeding, benthic species and require a diverse high protein
and lipid diet (Gatenby et al., 2003). Some species also require a specific substrate type
and could be crushed or suffocated if placed in the incorrect substrate. Rivers are among
the most imperiled and difficult systems to conserve, because of water impoundments,
overharvesting of fauna, navigation channel dredging, and chemical and sediment
pollution (Humphries and Winemiller, 2009).
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MUSSEL RELOCATION METHODS

Currently, there is no standard set of protocols for conducting a freshwater mussel
relocation project for the purpose of conservation for any region of North America. Also,
there are few studies related to variables encountered during a relocation effort such as
methods for collecting and handling, handling time, exposure to air, air temperature,
depth changes, tagging, and positioning. One study by Schanzle and Kruse (1994)
examined the amount of time needed for mussel re-establishment after hand placing
mussels in the substrate or placed on top of the substrate in spring or in autumn and found
equal recovery rates. However, certain mussel species are equally active in spring and
autumn (Cope and Waller, 1995) and a study investigating activity in winter should be
conducted. Aquatic environments are susceptible to thermal stress. Elevated water
temperatures have lethal effects on glochidia, juvenile, and adult life stages of freshwater
mussels (Archambault 2012; Galbraith et al., 2012). Average lethal water temperature for
glochidia was 31.6°C, which is a frequently recorded water temperature in East Texas
(Pandolfo et al., 2010). Freshwater mussels have also been found to be seasonally
variable in their movements (Amyot and Downing, 1997). Winter showed a reduction in
mussel movement while spring and early summer initiates the spawning season when
mussels come to the surface.
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FRESHWATER MUSSEL SHELL MORPHOLOGY AND SUBSTRATE

Mussel behavior and burrowing ability is likely to be affected by the shells that
different mussel species secrete (Levine, et al., 2013). Shell morphology describes the
external structure, form, thickness, ornamentation, sculpturing and how much the shells
are inflated (Figure 1.1). Previous studies have suggested that the more ornamented and
sculptured the species is, the higher tolerance (anchoring stability) there is for high flow
conditions (Watters, 1994; Levine et al., 2013). Mussel species with sculptured shells
tolerated high flow scouring better than mussel species with non-sculptured shells by
positioning themselves with the sculpturing parallel with flow. Shell thickness is an
important characteristic in mussel shell morphology (Dillon, 2011). Watters (1994)
suggested mussels with thicker shells would be able to survive rough substrate and strong
flow conditions as their shell can protect from crushing and smashing against rocks as
well as provide weight for anchoring. Large rivers with soft substrate and low flow
conditions contained mussel species with smooth, thin shells, that are laterally
compressed, or that had highly inflated shells (Watters, 1994).
Freshwater mussel species are found in a variety of substrates that extends from
high silt ponds to gravel-bottom, clear streams. It has been shown, in field and laboratory
experiments, that some species prefer certain substrates (Huehner, 1987). Huehner (1987)
showed thick shelled or highly sculptured mussels showed no preferences, but thinshelled species preferred sand or silt substrates. Species commonly found in soft
substrates are known for their relatively fast movement compared to species regularly
found in hard substrate. Mussels that inhabit soft substrates are usually smooth or

6

minimally sculptured with thinner shell thickness and some species have inflated umbos.
Species found in hard substrates have the opposite characteristics, roughly sculptured,
thick shells and deflated umbos (Watters, 1994).

MUSSEL BEHAVIOR AND MOVEMENT

The field of animal behavior, or ethology, is a major branch of zoology that
contains influential scientists including Nikkolaas Tinbergen and Jane Goodall. While
ethology may be considered a less than modern science, it was the foundation of many
branches of science that are being used today as well as crucial to the early understanding
of how certain organisms interacted with their environment. Animal behavior focuses on
answering two questions related to the reaction (or lack there of) of an animal to its
environment and other individuals, how and why. Organisms that have been thoroughly
observed and understood may be researched using more advanced technology (e.g.,
genetic mapping, niche modeling), however, some organisms have yet to be fully
explained by conventional ethology.
Freshwater mussels are sedentary animals that may move as little as 100 meters in
their adult life. However, the reasons for mussel movement are poorly understood.
Mussels are dormant in winter and come up from the substrate in spring to spawn (Amyot
and Downing, 1997). Movement for reasons other than spawning such as preventing
susceptibility to flood or extraction by predators is largely unknown. However, in the
spring and early summer, male and female mussels have been shown to move to the
substrate-water horizon in order to spawn (Amyot and Downing 1997). In order to move

7

and burrow into the sediment, mussels must contract their mantle, which is attached to
their valves and their foot. Freshwater mussel movement has an important ecosystem role
because mussel movement disturbs river and lake sediment and redistributes nutrients
back into the water column, known as bioturbidation (Vaughn and Hakenkamp, 2001).
As mussels bury into the substrate, they also provide stabilization for river sediment
(Zimmerman and De Szalay, 2007). After mussels are handled (e.g., after a relocation
event or a survey for research purposes), they have been shown to move greater distances
immediately after the initial handling with movement decreasing dramatically after they
have settled (Peck, 2007). It is not known if there is a specific orientation, depth of
substrate, or depth under water that optimizes spawning or glochidial release. It has been
recorded that during non-spawning activities, mussels are positioned in a way that their
incurrent siphon is directed toward upstream flow, with their foot extending down into
sediment (Figure 1.3). However, mussels have been found in all possible positions in all
seasons of the year.
GOALS AND OBJECTIVES

Freshwater mussel burrowing behavior and movement is affected by many
environmental variables. The three variables I wanted to examine in this study were
seasonal water temperatures, substrate type, and species’ shell morphology. The purpose
of this study was to investigate the importance of several variables encountered in mussel
relocation and to discover the best practices for relocation mussels from a conservation
perspective. My hypothesis was that if freshwater mussels were collected and relocated in
summer and winter, mussels relocated in winter would survive best because of low

8

thermal stress. Also, mussel species with the smoothest shells would burrow faster than
highly sculptured species. I predicted that all of the species tested will prefer to orient
themselves with their incurrent and excurrent siphons in a vertical position and their foot
buried in the substrate for stability.
While mussel morphologies, effects of temperature, and substrate preferences
have been studied, no research has been performed on all of these factors in a field
relocation study. By investigating all of these variables, it was my aim to discover a
method to increase the likelihood of mussel relocation success in river systems in East
Texas. The objectives of my research were (1) to determine the optimal season to relocate
or reintroduce freshwater mussels in medium to large rivers in East Texas, (2) investigate
whether recently relocated mussels will orient themselves to a certain position and depth
rather than random, (3) to learn how long relocated mussels take to move to a buried
position and whether mussels should be placed down in the substrate or be set on top of
the stream bed and allowed to burrow themselves, and (4) investigate differences in
mussel burrowing behavior based on morphological shell sculpturing and substrate type.
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FIGURES

Figure 1.1
Key external and internal morphological features of a unionid.
Posterior end containing the siphons and mantle ventral side were key in determining
mussel orientation during trials. External feature illustration is the right valve. Internal
illustration shows the left valve. Note the sulcus/furrow on the exterior valve image.
Images original from James Ford Bell Museum, University of Minnesota, Minneapolis.
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Figure 1.2
Key internal anatomical features of a unionid. Images original
from James Ford Bell Museum, University of Minnesota, Minneapolis.

Figure 1.3
One of the most common orientation of a Quadrula verrucosa in
reference to flow. Diagram from Goodding (2012) Q. verrucosa image originally from
Watters (1994)
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CHAPTER TWO: DETERMINING BEST PRACTICES FOR FRESHWATER MUSSEL RELOCATION
USING BURROWING AND BEHAVIOR

INTRODUCTION

With the recent increase in interest in freshwater mussels (Unionidae) and their
conservation, there has been research on species distribution, glochidial host preference,
thermal tolerance, substrate preference, and filtering ability (Archambault et al., 2013;
Huehner, 1987; Allen and Vaughn, 2009; Galbraith et al., 2010; Watters and O’Dee,
1998; Goodding, 2012). However, few studies on burrowing behavior of different
sculptured mussels in different seasons and substrate have been undertaken. In the past,
studies of stable mussel beds have been performed to comprehend the ideal
environmental conditions (Spooner and Vaughn, 2008; Vaughn, 2012; Vaughn, 2010).
However, there is debate on what time of year mussels should be relocated, how similar
the source and chosen location need to be, and whether or not to place freshwater mussels
into the substrate in a certain way when relocating and reintroducing mussel populations
into lentic and lotic systems (Peck et al., 2007; National Strategy, 1998). It was my aim to
evaluate the importance of three variables encountered with relocation and how they
affect mussel burrowing behavior: temperature, substrate characteristics, and shell
sculpturing. Understanding how these certain variables affect freshwater mussels is of the
utmost importance to their relocation success and ultimately their survival (Ford et al.,
2010; Hamilton et al., 1998; Downing et al., 2010).
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Mussel relocations are most often performed by agencies complying with
regulations and mitigation standards set in place by the Environmental Protection Agency
and are not peer reviewed or available for public study. Relocations have been performed
for over 30 years, but with varying success. Investigations of whether relocations were a
viable option for the conservation of freshwater mussels were not published until the mid
1990s (Peck, 2007). A review of 33 reports and papers, completed by Cope and Waller
(1995), revealed that less than 50% of approximately 90,000 relocated mussels survived
relocations in the past 30 years. Cope and Waller also stated that relocation was less
effective than previously thought considering the lack of consistent methods, few longterm monitoring efforts, and difficulty in recapturing relocated mussels. The authors also
noted that the variables influencing survival rates were poorly understood and that further
research needed to include source habitat characterization, careful consideration of the
relocation site characteristics, better defined methods, and more long-term monitoring of
the relocated populations in order to demonstrate juvenile recruitment, definitive
evidence for successful relocation.
Temperature, and thus season, has been determined to be an important factor in
mussel behavior and survival (Watters and O’Dee, 1998; Golladay et al. 2004).
Correlation between mussel glochidial release and temperature has been documented, but
glochidia are released in large groupings in both summer and winter seasons and in some
species, adult females will release glochidia twice in one year (Watters and O’Dee, 1998).
However, there are very few studies examining the behavior of freshwater mussels after
relocation in summer versus relocation in winter. One study (Amyot and Downing, 1997)
noted that mussels that buried themselves in October, resurfaced on top of the substrate in
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the same location; however, the authors did not examine burrowing behavior in the
winter season because of ice sheets.
Most of the focus of mussel relocation research is on the substrate type, stability,
and habitat characteristics (Hamilton et al., 1998; Huehner, 1987). In previous surveys,
mussels were found in several substrate types including gravel, sand, in backwater and
oxbow locations, and some species were found in high silt substrates (Huehner, 1987;
Ford et al., 2010; Randklev et al., 2011). Certain species are categorized as generalists
and others are found only in a specific substrate type (Levine et al., 2013; Allen and
Vaughn, 2009; Archambault et al., 2013). Substrate preferences have yet to be correlated
with shell sculpturing (i.e., rough or non-sculptured shells), but ease of burrowing does
indicate a connection (Strayer, 1999; Watters, 1994). Highly sculptured species tend to
burrow at a slower rate and with more difficulty in large particle substrates. Smooth, or
non-sculptured mussel species are fast burrowers and tend to be more mobile (Watters,
1994).
My objectives were to conduct behavior trials using three variables: season,
substrate, and shell morphology to investigate mussel burrowing behavior, movement,
and orientation. I hypothesized that freshwater mussels will have greater difficulty
reburrowing in summer than in winter because of heat stress from the East Texas extreme
temperatures, even though winter is considered a dormant season for freshwater mussels.
I hypothesized that non-sculptured species would move more and would be more likely
to bury into substrate, while the roughly sculptured species would burrow much more
slowly or not at all. I also predicted that non-sculptured mussels would move equally fast
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in soft substrate and rough substrate. Lastly, roughly sculptured species would move
infrequently or not at all in either soft or hard substrate.
For this study, I used several species of freshwater mussels (Unionidae) that were
categorized with smooth or rough sculptured shells (Table 2.1; Table 2.2). Texas pigtoe
(Fusconaia askewi), bleufer (Potamilus purpuratus), and sandbank pocketbook
(Lampsilis satura) were considered smooth and non-sculptured. Heavy sculptured species
included rock pocketbook (Arcidens confragosus), southern mapleleaf (Quadrula
apiculata), western pimpleback (Quadrula mortoni), pistolgrip (Quadrula verrucosa),
bankclimber (Potamilus dombeyanus), washboard (Megalonaias nervosa), threeridge
(Amblema plicata), and threehorn wartyback (Obliquaria reflexa).

METHODS

Study area and design
Field behavior trials were performed during the summer months (July-September
2013) and winter months (December-March 2013-2014). All behavior trials and surveys
were performed in two locations of the Upper Sabine River basin (Figure 2.1) in east
Texas. The Sabine River basin drains 2,526,792 hectares in Texas and Louisiana and is
fed by many tributaries, one of which is Lake Fork Creek (Long, 2010). The first
sampling location was in Lake Fork Creek south of Lake Fork in Wood County north of
Highway 80 off of FM 3056 and NE of Mineola, Texas (Figure 2.1). The second research
location was the Sabine River above Toledo Bend Reservoir (Figure 2.1) on the Sabine
Mining Company property on FM 968 W south of Hallsville, Texas in the NW corner of
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Panola County, TX. These two locations were chosen because they have large mussel
beds with high unionid diversity (greater than 10 species) (Gooding 2012). The Sabine
River location has coal shoal bedrock and sandy substrate, and Lake Fork Creek has
gravel substrate. The Sabine River basin receives 94 to 127 centimeters of rain per year,
which helps it retain strong flow year-round (Long, 2010). The Sabine River is prone to
large floods every five years, on average (Sabine River Authority Report, 2013). Lake
Fork Creek was chosen after the winter season began because the Sabine River received
high flow conditions too dangerous to continue research (Figure 2.2 and 2.3). Inter-site
variation was not the focus of this study; therefore the results were treated as one data set.
Mussels in two different categories of shell sculpturing were searched for and
collected for this study (Table 2.1). Smooth or non-sculpturing species included Texas
pigtoe (Fusconaia askewi), bleufer (Potamilus purpuratus), and sandbank pocketbook
(Lampsilis satura). Heavy or rough sculptured species included rock pocketbook
(Arcidens confragosus), southern mapleleaf (Quadrula apiculata), western pimpleback
(Quadrula mortoni), pistolgrip (Quadrula verrucosa), bankclimber (Potamilus
dombeyanus), washboard (Megalonaias nervosa), threeridge (Amblema plicata), and
threehorn wartyback (Obliquaria reflexa).

Mussel sampling and behavior trial set-up
Mussels were obtained through tactile searches or kick-netting at each research
location. One behavior “trial” contained approximately 15 mussels greater than 33
millimeters in length, to ensure all mussels used were adult mussels. Because of low flow
and easy access (Figure 2.4), summer allowed for extensive searching until 15 mussels of
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one species were collected. However, the high flow and dangerous conditions (Figure
2.5) created difficulty in obtaining mussels in winter and limited the collecting of mussels
until there were approximately 15 total mussels of mixed species per trial. Before placing
the collected mussels, a 1 m2 quadrat made of 13 millimeter rebar (Figure 2.6) with 7.5
centimeter “legs” to assist in anchoring the quadrat for extended trials was placed in
approximately 0.5 meter of water on the desired substrate type and excavated for any
mussels present. Any mussels not used in trials were immediately returned to the
substrate. Mussels used in trials were returned to the area they were collected from after
the trial was completed. No mussels were reused in other trials.
Once 15 mussels of adequate or targeted size were collected, each was cleaned
and tagged with a uniquely numbered and colored plastic tag (Queen Bee Co.) secured
with Locktite© Super Glue and allowed 2 to 5 minutes to dry. Tags were placed on the
exterior of the left valve, centered when possible, and legible when the ventral margin
faces the reader. The tagging also assisted in determining mussel movement and changes
in orientation at the end of the trials. After tagging, the mussels were placed at even
intervals of approximately 5-10 centimeters (depending on the size of each mussel) in an
excavated 1 m2 quadrat. Three different axes/orientations (i.e., upstream, downstream;
left bank, right bank; and vertical, horizontal) were used to determine animal orientation
based on the direction and position of three indicators: the numbered tag, posterior
margin (incurrent siphon), and ventral margin (mantel).
The mussels were placed in a horizontal “starting orientation” (Figure 2.9-A) to
mimic how mussels are most often placed after being relocated. They were placed not
touching one another or the quadrat bar to reduce interference with movement. The
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horizontal starting orientation was chosen at random and varied from one trial to the next.
Approximately half of the mussels in each trial were in one horizontal starting orientation,
and the other half in a different starting orientation to ensure no particular position
interfered with normal animal behavior. Once placed in the quadrat, the mussels were
visually examined with an Aqua Scope II© to ensure correct orientation and location. An
Onset® HOBO® Data Logger was attached to the quadrat to record summer and winter
temperatures at 10-minute intervals.
After the end of each trial, mussels were searched for using an Aqua Scope II to
minimize bumping or disturbing mussel position and orientation. After most mussels
were found and recorded using the Aqua Scope II©, the quadrat was excavated 20 cm
deep into the substrate. If individuals were still missing, the surrounding area
(approximately 4 m2) was searched with the Aqua Scope II© and then a manual search.

Data analysis
Movement was analyzed by observing any deviation from the position indicated
at the start of each trial. A Chi-square test was performed to test the homogeneity of
mussel movement [Moved (M) versus Not Moved (NM)]. Separate Chi-square tests were
used for summer and winter movement (summer M vs. NM; winter M vs. NM; NM
summer vs. NM winter; M summer vs. M winter) and shell morphology movement
(smooth M vs. NM; rough M vs. NM; NM smooth vs. NM rough; M smooth vs. M
rough).
The ending orientation of mussels was determined to be in either a horizontal or
vertical position (Figure 2.7). A Chi-square analysis was performed to test for
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homogeneity of mussel position [Horizontal (H) versus Vertical (V)]. Orientation
preferences were calculated using Chi-square analysis for each shell morphology class
and for both summer and winter.
Mussels that buried to any depth were considered buried (B). Mussels that did not
bury were considered not buried (NB). Chi-square analysis was calculated to test for
homogeneity for each shell morphology class and for both summer and winter.
Analysis of variance (ANOVA) was performed using SYSTAT© v. 9.4 to
calculate likelihood of mussels buried when comparing substrate type, shell morphology,
and season. The least squares means post hoc test was calculated using ANOVA for the
significance of mussels burrowing (standardized by trial time) for all three variables of
substrate, shell morphology, and season. A Bonferroni correction was applied to all Chisquare and ANOVA analyses to account for three variables affecting the data.

RESULTS

The mean water temperature for summer was 32.2°C (Figure 2.8). Winter mean
temperature was 13.9°C (Figure 2.9) There were eleven mussel species and a total of 157
individual mussels used in analyzing relocation methods (Table 2.1). Five trials were
conducted in summer and five in winter for a total of ten behavior trials (Table 2.3)
Overall, there were no differences in the total number of mussels that ended in a
horizontal or vertical position (n = 34, n = 51; χ2 = 3.4; p = 0.065) (Table 2.4 and 2.8).
However, there was a significant difference in the total number of mussels that moved
(M) versus the total number of mussels that did not move (NM) (n = 85, n = 45; χ2 =
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12.31; p < 0.001) (Table 2.4). There was also a significant difference in the total number
of mussels that buried (B) versus not buried (NB) (n = 54, n = 103; χ2 = 15.29; p < 0.001)
(Table 2.4).

Orientation
In winter, mussels preferred a vertical position because there were 36 mussels in a
vertical orientation (V) and 18 in a horizontal orientation (H) (χ2 = 36.21; p < 0.001)
(Table 2.7), but there was no significantly preferred orientation in summer (n = 16, n =
15; χ2 = 0.71; p = 0.4) (Table 2.7). In comparing which season mussels preferred to be in
a horizontal position, there were no differences in summer versus winter (n = 16, n = 18;
χ2 = 0.12; p = 0.73); however, mussels preferred to be in a vertical position in winter
much more than in summer (n = 36, n = 15; χ2 = 8.65; p = 0.003) (Table 2.7).
Neither smooth nor rough sculptured species had a preferred orientation (n = 7, n
= 13; χ2 = 1.8; p= 0.18) (n = 27, n = 38; χ2 = 1.86; p = 0.17). However, roughly
sculptured species preferred to be in a vertical position much more than smooth
sculptured species (n = 13, n = 38; χ2 = 12.25; p < 0.001). Also, roughly sculptured
species preferred to be in a horizontal position much more than smooth sculptured
species (n = 7, n = 27; χ2 = 11.76; p < 0.001).

Movement
In summer, mussels had no preference whether they moved or did not move (n =
31, n = 38; χ2 = 0.71; p = 0.4) (Table 2.4 and 2.8); however, in winter, mussels moved
much more than they did not move (n = 54, n = 7; χ2 = 36.21, p < 0.001) (Table 2.4 and
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2.8). There were many more mussels that did not move in summer than in winter (n = 38,
n = 7; χ2 = 21.26; p < 0.001) (Table 2.4). Also, the number of mussels in summer that
moved was significantly less than the number of mussels that moved in winter (n = 31, n
= 54; χ2 = 6.22; p = 0.012) (Table 2.4).
Smooth sculptured species did not move significantly more than not moved (n =
20, n = 24; χ2 = 0.36; p = 0.55) (Table 2.5 and 2.8). However, rough sculptured species
moved much more than not moved (n = 65, n = 21; χ2 = 22.51; p <0.001) (Table 2.5 and
2.8). Roughly sculptured species moved significantly more than smooth species (n = 20,
n = 65; χ2 = 24.82; p = 0.001); however, there was no difference in the number of smooth
sculptured mussels that did not move and the number of rough sculptured species that did
not move (n = 24, n = 21; χ2 = 0.2; p = 0.66) (Table 2.5 and 2.8).
In summer, Texas pigtoe and southern mapleleaf mussels (non-sculptured and
rough sculpturing, respectively) moved much faster than pistolgrip mussels (rough
sculpturing) (Figure 2.10). During the winter, Texas pigtoe (smooth) mussels still moved
faster than pistolgrip mussels, but the pistolgrip rate of movement increased (Figure 2.11).
Texas pigtoe, southern mapleleaf, and pistolgrip mussels had faster movement in winter
than in summer (Figure 2.12 A-C).

Burrowing
In summer, mussels preferred to remain unburied much more than they preferred
to bury in the substrate (n = 10, n = 62; χ2 = 37.56; p < 0.001) (Table 2.6 and 2.8).
However, in winter, there was no difference in the number of mussels that buried versus
not buried (n = 44, n = 41; χ2 = 0.11; p = 0.75) (Table 2.6 and 2.8). Mussels that did not
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bury in summer or winter did not differ (n = 62, n = 41; χ2 = 4.28; p = 0.039) (Table 2.6
and 2.8). Mussels in winter buried much more than mussels in summer (n = 10, n = 44; χ2
= 21.41; p < 0.001) (Table 2.6 and 2.8).
Smooth shelled species buried significantly less than not buried (n = 9, n = 44; χ2
= 23.11; p < 0.001) (Table 2.7 and 2.8). Rough sculptured species had no preference in
whether they buried versus not buried (n = 45, n = 59; χ2 = 1.88; p = 0.17) (Table 2.7 and
2.8). There was no difference between the number of smooth sculptured mussels that did
not bury and the number of rough sculptured mussels that did not bury (n = 44, n = 59; χ2
= 2.18; p = 0.139) (Table 2.7 and 2.8). Smooth sculptured mussels buried less than rough
sculptured mussels (n = 9, n = 45; χ2 = 24, p < 0.001) (Table 2.7 and 2.8).
Mussels are more likely to bury in summer than in winter (p < 0.001) (Figure
2.13). There was significant difference in the likelihood of mussels burrowing between
bedrock and gravel and sand/silt (p < 0.001), but no difference between gravel and
sand/silt (Figure 2.14). The likelihood of mussels burrowing based on shell morphology
showed no significant differences (Figure 2.15).

Summer Trials
In summer, there were 72 individual mussels used and four different species for a
total of 5 separate behavior trials (Table 2.3 and 2.4). All of the summer trials were
located at the Sabine River research site and were performed on either bedrock or
silt/sand. Mussels moved at a much slower rate in summer than in winter (Figure 2.12 AC) Out of the total mussels in summer, 31 out of 72 had some movement from original
starting position (43%), but only 13.9% of summer mussels buried to some depth at all.
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However, there was significant difference between the likelihood of burrowing in
summer and in winter (Figure 2.13). Summer trials had a loss of 4.16%, which was
95.83% successful recapture of tagged mussels.

Winter Trials
Winter trials had a total of 85 mussels and 11 different species used in 5 different
behavior trials (Table 2.3 and 2.4). The first winter trial was performed at the Sabine
River research site, but the remaining four trials were conducted at Lake Fork Creek.
Mussels moved at a much faster rate than in the summer (Figure 2.12 A-C). Out of the
total mussels in winter, 63.5% moved from their original starting position (54 out of 85)
and 52% of individuals buried to some depth (44 of 85). In winter, there was a loss rate of
28% mussels.
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TABLES AND FIGURES
Table 2.1
Quantity of mussels used in burrowing and behavior trials after a
relocation in East Texas from eleven species of freshwater mussels. Shell morphology
classification determined by external shell characteristics per Watters (1994). The
numbers of each species used during summer 2013 and winter 2014 behavior trials are
included.

Common Name

Scientific
Name

Shell
Morphology

total
n

n
summer

n
winter

Texas Pigtoe
Bleufer
Sandbank Pocketbook
Rock Pocketbook
Southern Mapleleaf

F. askewi
P. purpuratus
L. satura
A. confragosus
Q. apiculata

Smooth
Smooth
Smooth
Rough
Rough

49
2
1
1
16

44
0
0
0
14

5
2
1
1
2

Western Pimpleback
Pistolgrip
Bankclimber
Washboard
Threeridge
Threehorn Wartyback

Q. mortoni
Q. verrucosa
P. dombeyanus
M. nervosa
A. plicata
O. reflexa

Rough
Rough
Rough
Rough
Rough
Rough

2
44
35
5
1
1
157

0
14
0
0
0
0
72

2
30
35
5
1
1
85

Table 2.2
The number of smooth and rough shelled mussels used in
burrowing and behavior trials after a relocation in East Texas during the summer and
winter seasons of 2013-2014.
Shell
Morphology

total
n

n
summer

n
winter

Smooth
Rough

52
105
157

44
28
72

8
77
85
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Table 2.3
The number of mussels from each of the eleven species of
freshwater mussels used in behavior trials during summer 2013 and winter 2014. Mussel
species are categorized into two shell morphology categories per Watters (1994). Five
behavior trials were held in each of the two seasons. The substrate type is indicated with
“H” for hard and “S” for soft. The number of rounded hours per trial is also given.

Rough

Smooth

Trial
Substrate
Hours
Texas Pigtoe
Bleufer
Sandbank Pocketbook
Rock Pocketbook
Southern Mapleleaf
Western Pimpleback
Pistolgrip
Bankclimber
Washboard
Threeridge
Threehorn Wartyback
Total

1
H
1
15

2
H
49

Summer
3
4
H
H
115
49
15

5
S
49
14

1
S
45
5

2
H
193

Winter
3
4
H
H
193
238
1

5
H
238
1

1
1
14

1
1
8
2

14

5
9
1

9
2
4
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1
1
8
5
1
1

15

14

15

14

14

18

15

17

17

Table 2.4
Number of freshwater mussels found in a horizontal or vertical
position at the end of behavior trials during summer 2013 and winter 2014. ∑ Moved =
the sum of mussels that moved to a horizontal or vertical position. NM is the number of
mussels that did not move from their starting position indicated at the beginning of the
behavior trial. ∑ Moved & NM = the sum of mussels that moved from their original
position and the mussels that did not move. Missing is the number of mussels that were
not located at the end of the behavior trials.
Moved Horizontal
Moved Vertical
∑ Moved
NM
∑ Moved & NM
Missing
Total

Total
34
51
85
45
130
27
157
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Summer
16
15
31
38
69
3
72

Winter
18
36
54
7
61
24
85

18

Table 2.5
Number of smooth shelled and rough shelled freshwater mussels
found in a horizontal or vertical position at the end of behavior trials during 2013 - 2014.
∑ Moved = the sum of mussels in either horizontal or vertical position. NM is the number
of mussels that did not move from their starting position at the beginning of the behavior
trial. ∑ Moved & NM = the sum of mussels that moved from their original position and
the mussels that did not move. Missing is the number of mussels that were not located at
the end of the behavior trials.

Moved Horizontal
Moved Vertical
∑ Moved
NM
∑ Moved & NM
Missing
Total

Total

Smooth

Rough

34
51
85
45
130
27
157

7
13
20
24
44
8
52

27
38
65
21
86
19
105

Table 2.6
Number of freshwater mussels that buried to any depth and the
number of mussels that did not bury in the substrate by the end of behavior trials during
summer 2013 and winter 2014.
Buried
Not Buried
Total

Total
54
103
157

Summer
10
62
72

Winter
44
41
85

Table 2.7
Number of smooth shelled and rough shelled freshwater mussels
that buried to any depth or did not bury in the substrate by the end of behavior trials
during 2013 - 2014.
Buried
Not Buried
Total

Total
54
103
157
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Smooth
9
43
52

Rough
45
60
105

Shell Morphology

Season

General

Table 2.8
Results of several Chi-square tests with season [winter or summer]
and mussel shell morphology [smooth or rough] as independent variables and mussel
position [horizontal (H) or vertical (V) orientation], movement [moved (M) or not moved
(NM)], and burrowing behavior [buried (B) or not buried (NB)] as the dependent
variables. * indicate p-values < 0.025.
Chi
critical
5.02
7.38
5.02
5.02
5.02

χ2

df

p

3.40
3.43
12.31
15.29
0.71

1
2
1
1
1

0.065
0.170
0.001
0.001
0.400

Winter M vs. NM
Summer NM vs. Winter NM
Summer M vs. Winter M
Summer H vs. V
Winter H vs. V
Summer V vs. Winter V
Summer H vs. Winter H

5.02
5.02
5.02
5.02
5.02
5.02
5.02

36.21
21.36
6.22
0.03
6.00
8.65
0.12

1
1
1
1
1
1
1

0.001
0.001
0.012
0.860
0.014
0.003
0.732

*
*
*

Summer B vs. NB
Winter B vs. NB
Summer NB vs. Winter NB
Summer B vs. Winter B
Smooth M vs. NM
Rough M vs. NM
Smooth NM vs. Rough NM
Smooth M vs. Rough M
Smooth H vs. V
Rough H vs. V
Smooth V vs. Rough V
Smooth H vs. Rough H
Smooth B vs. NB
Rough B vs. NB
Smooth NB vs. Rough NB
Smooth B vs. Rough B

5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02
5.02

37.56
0.11
4.28
21.41
0.36
22.51
0.20
23.82
1.80
1.86
12.25
11.76
23.11
1.88
2.18
24.00

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.001
0.745
0.039
0.001
0.546
0.001
0.655
0.001
0.180
0.172
0.001
0.001
0.001
0.170
0.139
0.001

*

Comparison
Horizontal vs. Vertical
Horizontal and Vertical vs. all NM
All M vs. all NM
Buried vs. Not Buried
Summer M vs. NM

30

*
*

*
*

*
*
*

*
*
*

*

Figure 2.1
Map of Sabine River and Lake Fork Creek tributary in East Texas.
Black diamonds indicate USGS gage locations used for discharge information. Black
circles indicate research locations from this study. Sabine River gage location:
32°25'1.84"N 94°42'34.47"W Sabine River research site location: 32°23'24.43"N
94°28'43.53"W. Lake Fork Creek gage location: 32°45'41.61"N 95°27'52.45"W Lake
Fork Creek site location: 32°39'48.79"N 95°21'42.03"W
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Figure 2.2
Water volume of the Sabine River below Longview, Texas from
June 2013 until March 2014. Bracket indicates summer relocation study period. Arrows
show significant flood events (discharge ≥ 3,000 cubic feet per second) during winter
2013-2014. Gage location: 32°25'1.84"N 94°42'34.47"W Site location: 32°23'24.43"N
94°28'43.53"W
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Figure 2.3
Lake Fork Creek near Quitman, Texas discharge from June 2013
until March 2014. Discharge in winter 2013-2014 reached over 1,000 cubic feet per
second in only one instance. Gage location: 32°45'41.61"N 95°27'52.45"W Site location:
32°39'48.79"N 95°21'42.03"W
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Figure 2.4
Sabine River research location viewing downstream during low
flow conditions in summer 2013. Main channel is located on the right side of image.

Figure 2.5
Sabine River research location viewing upstream during a high
flow event in winter 2014. Main channel is located on the left side of image.
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Figure 2.6
One m2 quadrat constructed of 13 mm rebar. Seven and a half
centimeter legs were welded onto the frame. When the quadrat was inserted into the
substrate in the river, movement was minimized.

A

B

Figure 2.7
Freshwater mussels oriented in a A) horizontal position and B)
vertical position. Shown from side. Black line indicates substrate level.

35

Figure 2.8
Daily water temperature pattern of Sabine River, Texas during
summer 2013. Max temperature = 35.76°C. Minimum temperature = 29.55°C.

Figure 2.9
Daily water temperature pattern of Lake Fork Creek, Texas during
winter 2014. Max temperature = 15.11°C. Minimum temperature = 10.89°C.
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% of mussels moved in winter

Figure 2.10 Percentage of freshwater mussels moved over the duration of
summer 2013 behavior trials. Texas pigtoe is a smooth, non-sculptured mussel species;
southern mapleleaf and pistolgrip mussels are heavily sculptured species.
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Figure 2.11 Percentage of freshwater mussels moved over the duration of
winter 2014 behavior trials. Texas pigtoe is a smooth, non-sculptured mussel species;
bankclimber and pistolgrip mussels are heavily sculptured species.
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Figure 2.12 (A-C)
The percentage of A) Fusconaia askewi (Smooth), B)
Quadrula apiculata (Rough), and C) Quadrula verrucosa (Rough) moved over the
duration of timed behavior trials in summer 2013 (diamonds) and winter 2014 (squares).
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Figure 2.13 Analysis of variance of the likelihood of freshwater mussels
burrowing in the summer or winter. Error bars represent standard error (SE). p < 0.001.
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Figure 2.14 Analysis of variance of the likelihood of freshwater mussels
burrowing in bedrock, gravel, and sand/silt. Error bars represent standard error (SE). p <
0.001.
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Figure 2.15 Analysis of variance of the likelihood of eleven freshwater mussel
species burrowing. Error bars represent standard error (SE). p > 0.05

DISCUSSION

The purpose of conservation is to prevent and minimize the destruction of
biological diversity (Meffe et al., 1997). The two parts of conservation are sustainable
development and the stewardship of natural biodiversity. The aim of this study was
directed towards how to better steward the biodiversity of freshwater mussels in an
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applied and tangible method. Theoretical and methods of an unmanageable scale are less
likely to be implemented, and the research devoted to conservation is wasted. However,
when best management practices are easily performed in a relocation or management
effort, biodiversity is more likely to be conserved. However, freshwater mussels are
being reintroduced and relocated to rivers and lakes with mixed results and conflicting
methods (Cope and Waller, 1994; Peck, 2007). By investigating mussel behavior through
manipulating three variables encountered in relocation events, I was able to discover
information that could increase relocation success in the future.

Season
The results from this study indicate that there is a seasonal difference in mussel
behavior between summer and winter. Freshwater mussels in East Texas are more active
and have faster movement in winter, but are more likely to burrow into the substrate in
the summer. Freshwater mussels may have more energy in winter, or perhaps being
“dislodged” in winter stimulates them to seek a stable position faster than in a summer
dislodging. A reason for this could be to seek shelter from high flooding which East
Texas is known to have in winter (Long, 2010). Mussels could be more likely to bury in
summer to avoid heat stress. Also, mussels have a preferred orientation in winter, but not
in summer. The preferred position in winter is a vertical orientation, which has been
shown to decrease drag of high water velocity (Watters, 1994).
The increase in the number of mussels that were missing from summer trials to
winter trials (4.16 to 28%) supports the hypothesis that mussels are not as dormant as
previously thought. The disappearance of winter mussels could be explained by a number
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of factors and possibly environmental variables. Because most of the winter trials
occurred in Lake Fork Creek, and average discharge that winter was less than 2.8 m3/s
(Figure 2.5), high flow and scouring of those individuals was not likely. However, the
one winter trial that was in the main channel of the Sabine River did have seven out of
eighteen mussels missing which could have been because of high flow scouring. The
individuals that were missing were less than 80 centimeters in length, slightly larger than
assumed juvenile length (Ford, per. comm., 2013). Juveniles presumably spend their
entire time under the surface of the substrate/water horizon to avoid flooding and
predation (Strayer, 2008; Watters, 1998). The mussels may have fled the substrate
horizon, been subject to high flow conditions, or may have been preyed upon by a
predator. Evidence of predation (exposed and open shells) was minimal, suggesting
missing mussels were not consumed. Mussels from the Lake Fork Creek location that
were missing either moved beyond the quadrat and surrounding area (4 m2), or they
burrowed below detection line (20 cm).
In this study, there seems to be no minimum time until 100% of mussels are
buried. The longest trial was almost 10 days in length. Mussels not buried or in deeper
water would be exposed to flooding or predation by 10 days. While this conforms to
reports of surveyors finding mussels lying on top of substrate, it does not explain why all
mussels do not immediately bury. However, the results from this study show that mussels
are more likely to bury in summer than in winter. A study by Watters (1998) showed that
the warmest water temperature mussels released their glochidia was 23°C; however, I
recorded temperatures as high as 36°C at the peak of summer. Mussels did not have a
preferred orientation in summer. Because many mussels are reproductively active in the
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summer, there may not be an optimal orientation to release glochidial larvae downstream
(Watters, 1998; Strayer, 2008). However, once the glochidia are released, the adults bury
into substrate to avoid extreme temperatures. Further research to identify during which
season each species releases and for how long may help in understanding the reason for
their movements.

Shell Morphology
Another conclusion from this study is that there are significant behavioral
differences in shell morphologies. F. askewi and Q. apiculata are smooth and rough
sculptured species, respectively. During summer trials, both F. askewi and Q. apiculata
had approximately 70% of mussels move after 45 hours. Q. verrucosa, another highly
sculptured species, had approximately 30% of mussels move after 50 hours and P.
dombeyanus, third highly sculptured species, had 0% move after 45 hours. Functional
morphology is a topic pertaining to the sculpturing and physicality of freshwater mussels
and how it affects their life strategy. Smooth and thinner shells are an adaptation of
mussels to living in soft substrata, or substrate, to prevent the danger of sinking too deep
into sediment, and thus suffocating. The opposing environment, hard substrate, has
produced mussel species with divaricate sculpturing, or highly sculptured shells with “V”
ridges (both Q. verrucosa and P. dombeyanus contain) and pimpled or pustuled species
as well as thick-shelled species. Highly sculptured shells reduce the scouring of flood
events and help in keeping mussels in the substrata. Species with highly sculptured shells
have adapted their morphology and behavior for constant high flow and rough substrate,
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as found in the Sabine River basin, which could explain why smooth shelled species
moved more and at a faster rate than rough shelled species.
The preferred position was a vertical orientation for both smooth and rough
shelled mussels. A vertical position reduces the amount of surface the shell is impacted
with flow (Goodding, 2012). With rough, large sized particles, the hydraulics of the
substrate/water horizon become rougher, and cause irregularities in which mussels can
inhabit (Gordon et al., 2004). Refuges from high flow experience more water movement
and in turn, more gas exchange; high amounts of nutrients can pass by and take waste
away. Thus, it would benefit mussels to stay in such a location.
Results from this study also support the hypothesis that smooth shelled mussels
have an adapted ability to move much faster than heavy, highly sculptured mussels. If
smooth shelled mussels did not have adaptations to high flow and rough substrate, then
none should have been found at the Sabine River location.

Substrate
Summer had mainly bedrock substrate for trials and no gravel. This most likely
had an effect on the percent buried and orientations; however, the number of mussels that
moved should not have been affected because the same substrate type was used for both
the summer and winter trial in question. Summer conditions have repeatedly been shown
to decrease activity by mussels and is thought to be the effect of extreme summer heat.
Definite evidence for differences in mussel behavior based on substrate type is difficult to
provide. However, mussels that are soft-strata species will most likely be at a
disadvantage on bedrock, as they will opt for moving around more rather than locating a
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flow refuge in between boulders or large rock, as highly sculptured species are known to
do. However, a roughly sculptured species (Q. aplicata) was able to find an amount of
substrate and burrow into it.

Recommendations and Conclusions
The results from this study indicate the difficulty in completing freshwater mussel
behavior trials in a field setting and compound the need for further research. In agreement
with Peck et al. (2007), increasing the research of source mussel beds before relocation to
a new site is imperative for the survival of the relocated mussels. The research must
include substrate characteristics, flow history, substrate stability, and water nutrient
profiling. Results from this study revealed that while mussels are more likely to bury in
summer, they are quicker to move and burrow in winter. While further research needs to
be completed regarding mussel behavior in different substrates, it is clear that the
heaviest sculptured species take longer to move and bury than thinner, non-sculptured
species. Because there was no minimum amount of time until 100% of relocated mussels
were buried, I speculate, during a relocation effort, that positioning mussels in a vertical
position with their incurrent and excurrent siphon facing the water surface and foot in the
substrate will likely give mussels an advantage over mussels simply thrown in the water.
I suggest further research that integrates measurement of depth of mussels before and
after a relocation and also laboratory testing using similar methods.
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